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Abstract

A novel high-temperature laser shock peening (HT-LSP) process was applied to polycrystalline a-SiC
to improve the mechanical performance. HT-LSP prevents microcrack formation on the surface while
induces plastic deformation in the form of dislocation slip on the basal planes, which may be caused
by the combination of a high shock pressure and a lower critical resolved shear stress at 1000 °C. A
maximum compressive residual stress of 650 MPa, measured with Raman spectroscopy, was
introduced into the surface of a-SiC by HT-LSP, which can increase the nanohardness and in-plane
fracture toughness of a-SiC by 8% and 36%, respectively. This work presents a fundamental base for
the promising applications of HT-LSP to brittle ceramics to increase their plasticity and mechanical

properties.
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Introduction

a-SiC is a superior ceramic material that has a wide range of critical applications, such as
semiconductor electronic devices that operate at high temperatures or voltages !, hot sections of jet
engines 2, and automobile brake discs *. However, similar to other ceramic materials, the application
of 0-SiC is limited by its low fracture toughness (2.5-3 MPa-m'"?) 4. Thus, it will be beneficial to
develop a process that can improve the fracture toughness of a-SiC, as well as other ceramic materials.
Laser shock peening (LSP), or laser shock processing, is a surface treatment technique that uses lasers
with a nanosecond pulse duration to irradiate a material >’. Rapid expansion of the laser-induced
plasma generates a high magnitude of shock waves that can penetrate into the bulk material to a depth
of more than 1 mm % °. The shock wave pressure is sufficiently high (several to tens of GPa) to
introduce plastic deformation-induced compressive residual stress’. LSP has been successfully applied
to improve the stress corrosion cracking resistance, hardness, and fatigue resistance of metallic
materials such as stainless steels or aluminum alloys !°!° . In these applications, the beneficial effects
of LSP are generally attributed to the compressive residual stress and deformation-induced hardening
16

LSP of ceramics is innovative yet challenging due to the intrinsic brittleness of ceramics. As a result,
the laser-driven shock waves can result in damage on the surfaces. LSP of ceramic materials, including
LSP of a-SiC 17, A,O; "> 8, and Si3sN4 ', has been reported in the literature and shows promise for
improving the mechanical properties of ceramics. For example, LSP was reported to improve the
bending strength of SizN4 by 10% !°, enhance the fracture toughness of 0-Al,O3 by 29% © 7, and
increase the bending strength of a-SiC by 17% !7. The strength and toughness of these ceramics are
improved due to the compressive residual stress induced by LSP. The basic mechanisms are that the
compressive residual stress can reduces the effective stress intensity factor at the crack tip, and also
offset a part of the applied tensile stress in the bending test thus raising the stress threshold for crack
initiation. 7

It is important to note that in the conventional LSP process, samples remain at room temperature

because a sacrificial coating (black vinyl tape or Al foils) protects the samples from laser ablation



damage while deionized water or glass is usually used as the plasma-confining media that mimimize
the laser heating effect 2°-22. However, the low dislocation activity, high critical resolved shear stress,
and brittleness of ceramics poses technical difficulties for the LSP process at room temperature. For
example, Wang et al. reported that the LSP treatment at room temperature can generate microcracks
in a-Al>O3, which can be detrimental to the mechanical properties ’. To address this problem, a post-
annealing heat treatment at 1100-1300 °C was conducted after LSP, which could stabilize the
compressive residual stess, heal the microcracks, and thus improve the cracking resistance of a-Al,Os3
to mechanical impact 2.

Response of a-SiC to mechanical testing is almost purely elastic at room temperature because fracture
occurs before yielding. Dislocations in 0-SiC have low mobility at temperatures below 800 °C 2*. LSP
of a-SiC at room temperature requires careful control of the laser pulse energy to miminze the
microcrack formation 2. To overcome this technical challenge, a novel high temperature laser shock
peening (HT-LSP) technique was developed by our group 2¢. The concept of HT-LSP is based on the
fact that the slip systems in ceramics are easier to activate at high temperatures than at room
temperature. As a result, a high-temperature environment can enhance the plasticity of ceramics and
possibly prevent microcrack formation by shock waves during the HT-LSP process. HT-LSP applied
to single crystal Al,Os3 (sapphire) enabled LSP at temperatures higher than 1000 °C for the first time
27 The experimental results suggest that HT-LSP at 1200 °C can minimize the shock wave damage in
sapphire while improving the hardness and fracture toughness by 9% and 29%, respectively .

This study investigates the influence and fundamental mechanisms of HT-LSP on polycrystalline
ceramics using o-SiC as a model material. The microstructural changes caused by HT-LSP were
characterized using scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). The residual stress distribution on the surface was measured by Raman spectroscopy. The
effect of HT-LSP on the local mechanical properties of a-SiC was evaluated by the Vickers indentation

method.

. Experimental procedure

Commercially available silicon carbide (a-SiC) plates were purchased from Ortech Advanced

Ceramics (Sacramento, CA). The samples are polycrystalline o-SiC (6H-SiC) fabricated by



pressureless sintering, which were cut to 10x10x2 mm? and the surface was polished with diamond
lapping films to a mirror finish. X-ray diffraction (XRD) of the a-SiC samples was acquired by using
a X-ray diffractometer (SmartLab, Rigaku) with a Cu X-ray tube and operation conditions of 40 kV
and 44 mA. XRD pattern was collected over the 20 range of 20—80° with a step size 0.04° and a dwell
time of 0.5 s at each step.

Figure 1 shows the SEM image and XRD pattern of an a-SiC sample before HT-LSP. The a-SiC
sample without HT-LSP (Figure 1a) showed a smooth surface after mechanical polishing. The
backscattered electron micrograph in Figure 1a reveals that the a-SiC sample contained secondary
phases that were further evaluated with EDS. EBSD, and XRD. EDS analysis found the a-SiC sample
comprises 3.5 vol.% TiB; (white contrast grains) and 3.0 vol.% carbon (dark grains). TiB> and carbon
(in the form of graphite) were impurities from the powder processing method during the pressureless
sintering of a-SiC ceramics 28. The average grain size of 0-SiC was measured to be 6.4+1.5 um by the
EBSD analysis (Figure 1b). XRD analysis (Figure 1c) of the as-received a-SiC sample confirmed that
a-SiC is the main phase while TiB» and graphite are the minor secondary phases, which is consistent

with the SEM analysis.
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Figure 1. (a) SEM (backscattered electron image), (b)

EBSD inverse pole figure of the grain structure, and (c) XRD of the as-received a-SiC sample.

The HT-LSP experimental setup is shown in Figure 2 2°. The a-SiC sample, a sacrificial layer of 50
pum thick stainless-steel 309 (SS309) foil, and a plasma confining media of 3 mm thick fused silica
glass were put into a sample holder, which was placed on a 3D stage that can control the sample

movement during HT-LSP. The sample was heated to 1000 °C in a tube furnace (OTF-1200X, MTI
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Corporation, Richmond, CA) in a flowing argon atmosphere. A Q-switched neodymium-doped yttrium
aluminum garnet (Nd:YAG) pulse laser (PRII 8010; Continuum Electro-Optics, San Jose, California)
with a wavelength of 1064 nm and a pulse duration of 7 ns was used. The laser beam with a pulse
energy of 850 mJ was focused to a 1 mm diameter spot. The peak power density was calculated as
15.4 GW/cm?, below the breakdown threshold of silica glass ?°. The shock wave pressure was

calcuated as 15.0 GPa using the analytical model developed by Berthe et al. 3°:

a
P =0.01 |——Z/l, (1)
2 1 1
Tnty @)

where P is the peak shock wave pressure, a is the fraction of internal energy converted to thermal
energy (0.25), Z is the reduced shock impedance between the alumina and plasma confining glass, and

I, is laser power density. The shock impedancess of silica glass (Z;) and a-SiC (Z>) are 1.21x107 and

4.2x107 Kg/m?s, respectively. In the HT-LSP process, the pulsed laser passed through a transparent

fused silica glass and irradiated the sacrificial layer of SS309 foil. The sacrificial layer absorbs the
laser energy and forms a plasma. The fast expansion of the plasma generated shock waves, which
penetrates into the SiC sample to generate a high compressive residual stress. Although there is a high
temperature in the plasma, the SS309 sacrificial layer protected the SiC sample from the laser heating.
The temperature increase caused by the laser irradiation is thus negligible, which has been verified by
the comparison of LSP of sapphire with and without the furnace heating in our previous work 2’. The

temperature of the SiC sample is solely controlled by the furnace temperature (1,000 °C).
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Figure 2. Schematic diagram of the HT-LSP setup of a-SiC ceramics.
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The surface morphology of the a-SiC samples before and after HT-LSP were characterized by
scanning electron microscopy (SEM, Helios 660, FEI) and a 3D optical profiling system (NewView
8300, Zygo Corporation). The average grain size of a-SiC was measured by the electron backscatter
diffraction (EBSD) analysis, which was performed in the Helios 660 equipped with an EBSD detector
(Hikari XP 2, AMETEK). Microstructures, including dislocations and stacking faults, were revealed
by cross-sectional transmission electron microscopy (TEM, 200kV FEI Talos 2001) using diffraction
contrast. TEM samples were extracted from the sample surface near and far from the HT-LSP region
by focused ion beam (FIB). The samples were extracted using a FEI Helios 660 FIB and then thinned
using a FEI Helios 600 or Helios G4 PFIB CXE. Selected area electron diffraction patterns (SAEDPs)
were collected and indexed to determine the crystallographic orientation of grains according to
crystallographic information file (CIF) 6H SiC mp-7361 from the Materials Project. Energy dispersive
X-ray spectroscopy (EDS; Bruker XFlash 6T30) was used to collect elemental maps in the TEM
samples while operating in the scanning mode (S/TEM).

The residual stress distribution in the HT-LSP treated region was measured using a confocal Raman
microscope (Renishaw plc, Wotton-under-Edge, UK) equipped with an Argon ion laser with a
wavelength of 514.5 nm. The microscope was operated in the backscattering mode with a 20x

objective lens. In confocal Raman microscopy, the laser spot size and depth are estimated by:

2ni

@ ~ TTNA (3)
2.2nA
~ TTNA2 (4)

where NA is the numerical aperture of the objective (0.25), A is the wavelength of the incident light
(514.5 nm), and 7 is the refractive index of the sample. The refractive index of a-SiC at 514 nm laser
is 2.7°!. Thus, the calculated laser spot size is 2.3 um and the depth is 10.3 pm. The laser spot size is
smaller than the average grain size of a-SiC (6.4 um). The resolution of wavenumber in the present
measurement is 0.3 cm™ at the full width at half maximum (FWHM). The Raman spectrum of the as-
received stress-free a-SiC (verified by measuring the surface stress by XRD) consists of four peaks in
the range of 700-1000 cm™' 32, The peaks in the Raman spectrum were attributed to the phonon lines
of a-SiC *. The Raman peak at 789.2 cm™! was used to measure the residual stress. When a-SiC is

loaded with a stress, the position of the Raman peak is shifted from that in the stress-free material. The
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relationship between Raman peak shift and applied stress has been studied by several groups **2%. Liu
et al. %7 investigated the Raman shift of a-SiC as a function of hydrostatic pressure up to 95 GPa and
developed an equation for the relationship between the Raman shift and residual stress:

wro(cm™) =789.2 + 3.11P — 0.009P2, (5)
where wr, refers to the peak position of the transverse optical peak, and P is the residual stress in
the unit of GPa. wgry = 789.2cm™! is in the stress-free state. A blue shift of the Raman peak
indicates compressive residual stress while a red shift indicates tensile residual stress. Residual stress
mapping with a step size of 40 um was used to present the 2-D distribution of residual stress in the
HT-LSP treated spot. The line scan measurement of the residual stress with a step size of 20 um was
used to obtain more accurate values and 1-D distribution of the residual stress. The Raman spectra
were recorded with an accumulation time of 10 s. To measure the depth profile of residual stress, the
HT-LSP treated SiC was cut to reveal cross-section of HT-LSP spot, and then was polished by a 3 um
diamond lapping film and a 50 nm colloidal silica solution to carefully remove the machining damage.
Vickers indentations were applied with an indentation load of 3N and a dwell time of 10 seconds. The
apparent plane-strain fracture toughness was measured by the Vickers indentation technique and an
equation developed by Anstis et al. 3% %:

Y
0 (6)

where E is Young’s modulus, H is the Vickers hardness, P is the load, and a is half the total length of

K. = 0.016(

the straight cracks. The fracture toughness was calculated from 30 indents in each sample to allow the
statistical analysis. The nanohardness of samples was measured by nanoindentation with a Berkovich

tip at a load of 8000 uN.

3. Experimental Results and Discussion

3.1 Surface morphology before and after HT-LSP
The surface morphology of the a-SiC sample after HT-LSP is presented in Figure 3. The HT-LSP
treated spot was 1 mm in diameter and the boundary was marked by a red-dotted circle (Figure 3a).
TiO2 (confirmed by the EDS analysis) and small holes (Figure 3b) were observed in the HT-LSP
sample and were likely formed by oxidation of the TiBz and carbon impurities at 1000 °C by reactions
with the residual oxygen in the flowing Ar. TiB> was oxidized to TiO; after oxidation, while carbon
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left the surface when turned into gaseous CO», resulting in small holes. These holes and micro-cracks
may degrade the fracture strength of the sample, and this issue will be solved by using a-SiC samples
without carbon impurity as well as providing more Ar gas to prevent oxidation of samples in future.
Fortunately, further TEM analysis suggests that TiO, and small holes were present only in the top
surface layer (< 3 pm). Other than the pores formed by oxidation, no obvious cracks were found in the
HT-LSP treated spot. Occasionally, some localized microcracks were generated (Figure 3c), which
may be caused by the pre-existing flaws in the samples and the thermal stress. The thermal expansion
coefficients of SiC, TiB», TiOa, and graphite are 4x10°K™! 40, 7x100 K' 4!, 8.4x10° K! and 4x106 K-
!, respectively, which are close to each other. Thus, the thermal expansion mismatch at the phase
interfaces is low and may not cause significant microcracks during the cooling process.

The arithmetic mean height (S.) of the a-SiC sample before HT-LSP was 4 nm. After heating without
HT-LSP, S, was increased to 11 nm due to surface oxidation at 1000 °C. After HT-LSP, S, became 16
nm. These results suggest that the surface roughness of a-SiC was increased after HT-LSP, which is
consistent with literatures of LSP at room temperature® !°. However, the majority of surface roughness

increase after HT-LSP is attributed to the surface oxidation.
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Figure 3. SEM (secondary electron image) of the surface of SiC sample after HT-LSP at 1000 °C: (a)
the HT-LSP spot with the boundary indicated by the red dotted circle; (b) TiO2 and small holes on the

surface; (c) enlarged view of a damage region indicated by the orange frame and arrow in b).

3.2 Compressive residual stress in a-SiC after HT-LSP
Raman spectroscopy was used to measure the residual stress distribution in the HT-LSP -treated region.
A representative Raman spectrum of the as-received stress-free a-SiC samples is shown in Figure 4a.
Four Raman peaks were well resolved, which were attributed to folded phonon modes of different
symmetry. The peaks at 768.8 and 789.2 cm! are assigned to E (tranverse optical, TO) phonon modes.
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The peak at 797.4 cm™ is assigned to the E1(TO) phonon mode. The peak at 970.2 cm™ is attributed to
the A (longitudinal optical, LO) mode of 0-SiC **. The peak of 789.2 cm™! corresponding to the TO
phonon mode was used to measure the residual stress. Figure 4b compares the Raman spectrum
collected from a-SiC before and after HT-LSP (collected at the center of laser-treated spot), wihch
showed a blue peak shift after HT-LSP . The distribution of the residual stress in the HT-LSP treated
region is presented in Figures 4c and 4d, which was calculated using Equation 5. The 2-D mapping of
the residual stress (Figure 4c) was conducted with a resolution of 40 um to show the trend of residual
stress distribution inside the HT-LSP treated spot (1 mm in diameter), in which the blocks with brighter
green contrast represent a higher wavenumber and, thus, a higher magnitude of compressive residual
stress. The 1-D Raman line scan used to provide a profile of residual stress (Figure 4d) was performed
at a finer resolution (20 um) to better show the magnitude change of the residual stress across the HT-
LSP treated spot. The compressive residual stress reached a maximum of ~650 MPa at the center of
the HT-LSP treated spot and decreased away from the center. It was also noted that a tensile residual
stress of ~150 MPa was present at the edge of the HT-LSP treated spot, which may have been generated
to compensate for the high magnitude of compressive residual stress at the center. The depth profile of
the measured compressive residual stress is shown in Fig. 4e, suggesting the compressive residual

stress gradually decreases with the depth and reduced to zero at a depth of about 550 um.
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Figure 4. (a) Representative Raman spectrum collected from the a-SiC sample; (b) Raman spectra
collected before and after HT-LSP ; (¢) mapping of the residual stress distribution after HT-LSP, with
brighter blocks representing a higher compressive residual stress; (d) residual stress distribution
determined from the line scan taken across the HT-LSP spot; and (e) Residual stress distribution along

the depth of HT-LSP treated a-SiC.

3.3 Cross-Section Microstructures before and after HT-LSP
Figure 5a is a bright-field (BF) TEM micrograph of the a-SiC sample far away from the HT-LSP
treated region. This control region underwent the same heating process to 1000 °C but was not exposed
to the HT-LSP treatment. Several grains show stacking faults spanning the entire grain width, as
indicated by the arrow in Figure 5a. Figure 5b shows a high angle-annular dark field (HAADF) S/TEM
image taken from the region outlined with an orange box in Figure 5a, where EDS mapping of C, Si,
B, and Ti elements was conducted (Figures 5c-e). These EDS maps reveal that the microstructure of
untreated region includes three phases: SiC, a Ti- and B-rich phase (TiB:), and a carbon phase, which
are consistent with the SEM and XRD results of the as-received a-SiC sample (Figure 2). Unlike the
surface (Figure 3), the carbon and Ti and B-rich phases, which are approximately 4 pm beneath the
surface, did not appear to be oxidized. Sparse oxygen content was detected across the entire EDS area,

but was not present in concentrations that would suggest the presence of an oxide.
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Figure 5: (a) BF-TEM micrograph showing the microstructures of a-SiC without HT-LSP. The white
arrow indicates stacking faults. (b) HAADF S/TEM micrograph of the region outlined with orange
dashed box in a). (¢, d, e,f) Elemental maps of Si, C, Ti, and B respectively, collected with EDS in

the region showed in b).

Figure 6 is a BF-TEM micrograph from the HT-LSP treated region. Similar to the region without HT-
LSP shown in Figure 5, several grains have stacking faults along the entire width of the grain. However,
several grains (e.g. Grain A) had a higher density of straight dislocations, which were not observed
outside of the HT-LSP region. For example, Figure 6b is a BF-TEM image showing the dislocations
in Grain A when tilted to the [1100] zone axis (see SAEDP in the inset). The dislocations lie on the
(0001) plane, which agrees with previous reports that slip of dislocations in a-SiC occurs on the basal
plane above 800 °C **. It is important to note that no stacking faults or dislocations were observed in
Grain B, which was oriented such that the imaging conditions necessary to observe dislocations on the
basal plane were not achievable within the tilt range of the holder.

The plasticity of a-SiC is strongly dependent on the temperature, and its dislocation mobility increases
11



substantially when the temperature is above 800 °C ** % The critical resolved shear stress of basal
plane slip in a-SiC decreases rapidly with increasing temperature and becomes 200 MPa at 1000 °C 4.
Carter and Davis suggested that the dislocations on the primary basal slip system (0001)[1120] of a-
SiC can be dissociated into Shockley partials *°. A Knoop indentation study of a-SiC single crystals

by Fujita et al. 7 observed the slip traces along [1120] on the basal plane above 800 °C.
On the other hand, a-SiC was subjected to an ultra-high strain rate (10°-10® s'') dynamic deformation

condition due to the very short laser pulses (7 ns) and the high shock wave pressure (15.0 GPa) during
the HT-LSP process *%. In addition, the 0-SiC samples contain the heterogeneous microstructures with
the impurity of TiB; and graphite. The shock wave incident on the interface (e.g., SiC/TiB.) is partially
back-reflected and partially transmitted, the percentage of which depends on the acoustic impedance
of the two phases*. An enhancement of shock wave pressure can occur at the interface due to the
acoustic impedance mismatch of the two phases *°. The shock wave pressure of 15 GPa or above is in
the range of the Hugoniot elastic limit (HEL) of a-SiC reported in the literature. HEL is a transition
point at which the response of ceramics to a shock loading transfers from the elastic to inelastic
deformation >!. While HEL of 0-SiC depends on the microstructural features such as grain size,
porosity and impurities, its value ranges from 8 to 19 GPa >*% Kobayashi et al. reported that the
inelastic deformation of a-SiC starts to occur between 10 and 30 GPa, and is fully developed when the
shock loading is above 30 GPa >* 33, Therefore, the combination of a high shock pressure (15 GPa)
and a lower critical resolved shear stress of a-SiC at 1000 °C (200 MPa) may result in the dislocation
slip in a-SiC ceramics during the HT-LSP process, which may further generate the localized plastic

deformation and compressive residual stress.
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Figure 6: (a) BF-TEM micrograph of a-SiC sample exposed to HT-LSP. (b) BF-TEM image from
Grain A when tilted to the [1100] zone axis; (inset) the indexed SAEDP.

3.4 Cracking Resistance after HT-LSP

The cracking resistance of a-SiC before and after HT-LSP was evaluated by the Vickers indentation
method to study the influence of local compressive residual stress on the crack propagation on the
surface. Figure 7 shows the representative SEM images of Vickers indentations on the regions with
and without a HT-LSP treatment, respectively. There was no significant change in the Vickers hardness
of a-SiC after HT-LSP. The Vickers hardness of a-SiC before and after HT-LSP was 26.0+1.4 and
25.4+2.0 GPa, respectively. The nanoindentation hardness of o-SiC before and after HT-LSP
treatment was 40.1+1.2 GPa and 43.4+1.9 GPa, respectively. The nanoindentation hardness increase
(~8%) could be attributed to the compressive residual stress induced by HT-LSP, which can reduce the
shear stresses produced by the compressive force of the indenter, resulting in a smaller indent size and
higher hardness.>®

Compared with the sample without HT-LSP, the average radius of the radial cracks after HT-LSP was
reduced by 24% from 34 to 26 um. The in-plane fracture toughness of a-SiC was increased by 36%
from 2.5£0.15 to 3.4+0.20 MPam'? after HT-LSP, which was calculated using Equation 4. This
indicates that the resistance to crack propagation on the surface of a-SiC has been significantly
improved by the HT-LSP treatment. Because HT-LSP is a surface treatment, the in-plane fracture
toughness measured by the indentation methods may better represent the improvement of the local

mechanical properties near the surface of a-SiC by HT-LSP, rather than the macroscale methods such
13



as the single-edged notch beam (SENB) method.

Compressive residual stress was found to be beneficial to the cracking resistance of several ceramic
materials such as 0-Al,Os” '* and a-SiC'®?° after LSP at room temperature, as well as sapphire after
HT-LSP?. The stress intensity factor of a straight crack under a uniform compressive residual stress

is reduced to °7:

1/2
— O _ c W 0g
K, = °K, z(ﬂ) Jy' s dx 7)

where K| is the stress intensity with the compressive residual stress, °K; is the original stress
intensity without the residual stress, c is the Griffith flaw size, and w is the thickness of the residual
stress layer. According to Equation 5, a compressive residual stress as high as 650 MPa on SiC surface

may reduce the stress intensity factor at the crack tip and, thus, retard the crack propagation®®.

Figure 7. Comparison of the radial cracks on the edge of Vickers indentation in the (a) untreated and

(b) HT-LSP treated a-SiC sample.

4. Conclusions
The influence of the HT-LSP process on the compressive residual stress and mechanical response of
polycrystalline a-SiC was investigated. After HT-LSP at 1000 °C, the surface of a-SiC exhibited few
microcracks and slight oxidation of TiB> and graphite impurities. The residual stress distribution was
measured using Raman spectroscopy, which showed that a high compressive residual stress up to 650
MPa was introduced into the surface of a-SiC by HT-LSP. TEM characterizations revealed dislocation

slips on the basal planes, suggesting that plastic deformation occurred in a-SiC during the HT-LSP
14



process that may be caused by the combination of a high shock pressure and a lower critical resolved
shear stress at 1000 °C. As a result of the compressive residual stress, the nanohardness and in-plane
fracture toughness of a-SiC was increased by 8% and 36%, respectively. These experimental results
suggest that HT-LSP is a promising technique to overcome the technical challenges associated with
the traditional LSP process at room temperature by enhancing the plasticity of ceramic materials and

suppressing microcrack formation to improve the mechanical properties.
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